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RESEARCH FINDIN

I.  Specific Aims and Research Objectives

The main objective of this grant was to conduct a careful and exhaustive
experimental examination of the charging effect in high-temperature superconducting
(HTS) thin films and perform research on novel superconducting devices operational at
liquid-nitrogen temperatures. For this purpose, we developed a new, laser-based approach
to processing of YBa,Cu,O, (YBCO) thin films, exploiting the contrasting optical and
electrical properties of the oxygen-poor (semiconducting) and oxygen-rich
(superconducting) YBCO phases. Using laser writing, we fabricated, superconducting
SuperFET structures, which consisted of a channel based on partially oxygen-depleted
material or a Josephson weak-link, and fully superconducting source and drain
electrodes. We also developed microwave transmission lines, structures with nonuniform
oxygen doping profiles, and photodetectors based on YBCO films containing regions
with different oxygen contents. The physical mechanisms behind the performance of our
test structures were investigated with the emphasis on their electrical and optoelectronic
properties. Our interest was extended to studies of laser-induced modifications of YBCO
Josephson junctions and photoinduced oxygen reordering within grain-boundary weak
links. Our basic physics experiments were aimed to investigate superconducting transport
and superconducting fluctuations in HTS materials, especially in case of partially
oxygen-depleted materials, when carriers were optically created.

II. Research Accomplishments and Results

I1.A. Laser-processing technique

We have developed a laser-processing technique, suitable for fabrication of
monolithic YBCO devices. The method is based on the observation that YBCO electrical
and optical properties are very sensitive to the material’s oxygen content. In particular,
we designed a method for patterning of both plain YBCO films and in-situ grown
YBCO/S1TiO3 bilayers. The patterning is achieved through both laser inhibition, in
which an intense, focused laser beam locally melts YBCO transferring it into an
insulating glass-like material, and laser writing, based on a laser-controlled diffusion of
oxygen in or out of the YBCO film. Using laser inhibition and writing, we were able to
fabricate a variety of YBCO devices, showing that laser processing can be successfully
used in patterning and/or electrical trimming of multilayered YBCO circuits. Several new
analytical techniques, such Raman spectroscopy, optical and scanning electron

microscopy, and electrical tunneling and transport measurements were implemented to
characterize our laser-processed structures.

The laser-processing technique is noninvasive, does not require a patterning mask,
and results in completely planar structures free of surface contamination. We fabricated
laser-patterned HTS structures for the collaborative research with the following research
institutions: NIST, Boulder, CO, SMU, Dallas, TX, UofHouston, Houston, TX, Imperial
College, London, England, Boltzmann Institute, Vienna, Austria, Institute of Physics,

Warsaw, Poland, Hebrew University, Jerusalem, Israel, Ben-Gurion University, Beer-
Sheva, Israel.



Invention disclosure was submitted on our laser-processing technique. However, the
Research Corporation Technologies (UofR patent collaborator) postponed its action due

to the fact that (quote) “currently, the market for such a method is limited, making
licensing this technology difficult.”

I1.B. SuperFET design and testing

A number of charging-effect SuperFETs have been fabricated. The structures were
fully monolithic and consisted of a partially oxygen depleted channel (T; = 10+60 K,
depending on the design) and oxygen-rich, fully superconducting (T = 90 K) source and
drain electrodes. The fabrication process was based on the laser-writing technique. Our
experimental results lead us to a conclusion that the field effect observed in our samples
is related to the field-enhanced modification of the channel's crystalline structure, rather
than to the simple electrostatic response of mobile holes. The observed behavior was
pleasurably explained using the oxygen-reordering model proposed by Chandrasekhar et
al. Transistor-like structures were also formed on bicrystal substrates in-situ covered with
a SrTiO3 cap layer and defined via laser processing with the gate electrode evaporated on
SrTiO3. Our main result coming from this research, showing that the YBCO SuperFET is
intrinsically a slow device, was a major disappointment from the point of view of
applications. It is now widely accepted that YBCO-based FET-like structures are not
promising as new breed of high-performance electronic devices.

The above research was done in a very close collaboration with the Northrop-
Grumman S&T Center, Pittsburgh, PA.

I1.C. Laser annealing of YBCO step-edge junctions

The 2- to 20-um-wide step-edge YBCO junctions from TRW were in-situ annealed
by illuminating at 50 K with a focused Ar-ion laser beam of the intensity up to 100
W/cm.2 We observed up to 75% increase of the junction critical current I and up to 50%
increase of the IcR, product, without a measurable change in the junction T¢ nor the
shape of its RSJ-like current-voltage characteristics. The laser-annealing process leads to
the more uniform, higher quality junction barrier, which is due to the increased
oxidization of the grain-boundary region. The annealed junctions are stable and remain
unchanged even after extensive room temperature/liquid helium thermal cycling.

Our method can be easily extended to complex YBCO chips and is expected to
work for circuits containing tens of Josephson junctions. This direction of research is a
subject of technology transfer to TRW, aimed at fine adjustment of Josephson junction
parameters in digital YBCO circuits.

IL.D. Controlled oxygen depth profile for YBCO hybrid superconducting-
semiconducting device applications

We have fabricated YBCO thin-film devices with a nonuniform oxygen
concentration crossection profile. The structures exhibit a nonuniform oxygen content
across the film thickness. The surface-deoxygenated samples find applications for
insulating selected parts of YBCO structures from the top and creating planar vias, as

well as they can form a basis for Schottky-like structures at the metal-semiconducting-
YBCO interface.

The above technology was transferred to the SUPECONIX Inc., St. Paul, MI and
was the subject of SUPECONIX SBIR proposal (unfunded— SUPECONIX collapsed).



IL.E. Development of Y-Ba-Cu-O microwave circuits with very high-power
handling capabilities

We used our laser-writing patterning technique to fabricate high quality coplanar
strip (CPS) transmission line devices in epitaxial YBCO thin films deposited on LaAlO3
substrates. In this manner, superconductive CPS surrounded by the semiconducting
YBCO phase were patterned with no photomasks, surface contamination, or edge
degradation. Our work has demonstrated that the laser-writing technique shows promise
for patterning high quality YBCO superconducting thin-film circuits for a variety of
microwave applications.

The structures were initially tested at SMU, Dallas, TX. Later this technology was
transferred to NIST and adopted by them as one of the three methods for patterning high-
power YBCO microwave devices and circuits.

ILF. Superconducting transport and photodoping measurements in HTS thin
films and Josephson junctions

Our laser-processing technique was also used to pattern 110-K phase BSCCO films
and partially oxygen-depleted (T, = 60 K) YBCO samples for studies on normal-state
magnetotransport properties and superconducting fluctuations. Measurements of the
electrical resistivity, the magnetoresistance, and the Hall effect were analyzed with regard
to contributions of the superconducting order-parameter thermodynamic fluctuations,
using theories for two-dimensional, layered superconductors. We have found a consisted
set of transport parameters for BSCCO, such as in-plane and out-of-plane coherence
length and the electron-hole asymmetry. The rapid suppression of the Maki-Thompson
process for the oxygen-deficient YBCO films, indicated an unconventional symmetry of
the superconducting order parameter.

Comprehensive studies were performed on the photodoping effect in YBCO step-
edge Josephson junctions and oxygen-deficient films. We demonstrated that the effect is
due to the coexistence of both the photoassisted oxygen ordering, and the light-induced
charge transfer processes. The former is mainly responsible for changes of the mobility,
while the latter increases carrier concentration. We have also shown that the T,
enhancement and the I; increase in Josephson junctions are due to photogenerated
increase of the carrier concentration rather than change in mobility.

The above research was done in a very close collaboration with the Ludwig
Boltzmann Institute for Solid State Physics, Vienna, Austria.

II.G. YBCO bolometric photodetectors

We studied oxygen-poor tetragonal and amorphous YBCO thin-film samples for
applications as sensitive photodetectors for infrared detection. The bolometer figures of
merit—responsivity and detectivity—were calculated from the measured temperature
coefficient of resistance (TCR) and the inherent noise characteristics. The highest TCR of
above 4% 1/K was observed in amorphous YBCO films deposited on Si with an MgO
buffer layer, while tetragonal films remained in the 2% 1/K range. From TCR and noise
measurements, we estimated that the optimized semiconducting YBCO bolometers
should have a responsivity as high as 3.8x10° V/W and a detectivity as high as 1.6x10°
cmHz'"*/W for 1 pA bias current and standard 30 Hz frame frequency. The above values



are up to two orders of magnitude higher than that reported for superconducting
bolometers.

The above research was done in a very close collaboration with the SMU, Dallas,
TX.

III. Impact on Applications of Superconductivity

Optoelectronics emerges as one of the most important engineering disciplines of the
XXI century. In this context, the development of superconducting optoelectronics
becomes also crucial, since it offers (similarly to superconducting electronics) the lowest
value of the switching-time-power-consumption product. As we have shown, YBCO
material has an number of very interesting and applicable for optoelectronics, optically-
induced effects. Simple YBCO photodetectors exhibit single-picosecond response times,
making them not only one of the fastest, but, clearly, the cheapest optoelectronic
switches. The operating temperature range of YBCO devices enables the full integration
with both the superconducting and the conventional (cooled) semiconductor electronics.
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